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Built-in electric fields and interfacial state densities (D it) in a series of oxide–GaAs heterostructures
fabricated by in situ molecular beam epitaxy were studied using room temperature photoreflectance.
The samples investigated were air-, Al2O3–Ga2Ox –, and Ga2O3~Gd2O3!–GaAs. We found that the
built-in electric fields are 48, 44, and 38 kV/cm for air-, Al2O3-, and Ga2Ox – GaAs samples,
respectively. For the Ga2O3~Gd2O3!–GaAs sample, the built-in electric field is negligibly small,
indicating a very low interfacial state density. Estimated by the low field limit criterion, D it is less
than 131011 cm22 eV21. Our results on the Ga2O3~Gd2O3!–GaAs sample are consistent with the
data obtained previously using capacitance–voltage measurements in quasistatic/high frequency
modes and photoluminescence measurements. © 1998 American Institute of Physics.
@S0021-8979~98!04905-6#In viewing today’s electronic technology, silicon had be-
come overwhelmingly prominent among possibly competi-
tive materials for semiconductor devices. The chief reason is
the ability to produce a super SiO2–Si interface which has a
low interfacial state density (D it) and is thermodynamically
stable. It is, however, generally recognized that GaAs metal
oxide semiconductor field effect transistors ~MOSFETs!,
with high electron transport properties and semi-insulating
substrate of GaAs, offer potential advantages, e.g., speed in
excess of that of Si-based MOSFETs, low power consump-
tion, and circuit simplicity.
Unlike the SiO2–Si system, thermal oxidation of GaAs
could not produce a dielectric film providing a low interfa-
cial D it to GaAs, nor did anodic and plasma oxidation of
GaAs surface.1 Deposition of different dielectric materials
including Si3N4, SiOx , Al2O3, and Ga2Ox combining with
prior dry and wet surface cleaning of GaAs surface were
used to passivate GaAs.2,3 However, no enhancement-mode
GaAs MOSFETs with inversion were demonstrated. Recent
efforts by a Bell Laboratories group using an in situ molecu-
lar beam epitaxy ~MBE! technique has produced a
Ga2O3~Gd2O3!–GaAs structure with a D it in the mid
1010 cm22 eV21 at a midband energy and an interfacial re-
combination velocity of 4000–5000 cm/s.4,5 Capacitance–
voltage (C – V), conductance–voltage (G – V), and steady
state photoluminescence ~PL! measurements were employed
in their investigations on the interfacial electronic properties.
a!Electronic mail: jshwang@ibm60.phy.ncku.edu.tw
b!Also at: Department of Physics and Chemistry, Chinese Military Acad-
emy, Fengshan, Taiwan, R.O.C.2850021-8979/98/83(5)/2857/3/$15.00
loaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP liMore recently, with Ga2O3~Gd2O3! as the gate dielectric and
a conventional ion implantation process, the Bell Labs group
has demonstrated the first enhancement-mode GaAs MOS-
FETs with inversion.6
In this communication, we present results of our studies
on the electronic properties of the oxide-semiconductor in-
terfaces by contactless and nondestructive photoreflectance
~PR! measurements. Four samples, air-~bare surface!,
Al2O3-, Ga2Ox-, and Ga2O3~Gd2O3!–GaAs, were investi-
gated. From the observed Franz–Keldysh oscillations
~FKOs! of the PR spectra we were able to determine the
interfacial electric field and deduce the density of interfacial
states. Note that those four samples were also previously
studied by the Bell Lab group using PL and C – V measure-
ment and the results were published in Refs. 4 and 5. We
shall compare the results deduced from our PR investigation
here with those from the previous PL and C – V studies.
Samples were grown in a multiple-chamber MBE sys-
tem which includes a GaAs-based solid source III-V com-
pound semiconductor chamber, an oxide deposition cham-
bers, and ultrahigh vacuum ~UHV! transfer modules
connecting these two growth chambers. The background
pressures for the oxide chamber and the transfer modules are
,1029 and 10210 Torr, respectively. A typical growth se-
quence started in the III-V MBE chamber with n-type ~Si
doped 1.631016 cm23! GaAs layers 1.5 mm thick grown on
a highly doped (2 – 331018 cm23) n-type ~100! GaAs. The
samples were then in situ transferred under UHV to the sec-
ond chamber for oxide deposition. No contamination was
encountered during the in situ sample transfer. The oxide
films, Al2O3, Ga2Ox , and Ga2O3~Gd2O3!, were deposited us-7 © 1998 American Institute of Physics
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Downing molecular beams of aluminum oxides, gallium oxides,
and gadolinium oxides. Single crystal Al2O3 and Ga5Gd3O12,
and powder-packed Ga2O3 were used as source materials and
evaporated by electron beam technique. Samples with differ-
ent oxide film materials and thickness are listed in Table I.
A standard PR apparatus was used in this study.7 The
probe beam consisted of a tungsten lamp and a quarter meter
monochromator. A He–Ne laser served as the pump beam.
The detection scheme consisted of a Si photodetector and a
lock-in amplifier. The probe and pump beams were defo-
cused on the sample to reduce the photovoltaic effect. All
measurements were performed at room temperature with a
modulation frequency of Vm5200 Hz.
In PR, the electric field of the sample is modulated
through the changes in the surface photovoltage induced by
the absorption of the photons above the band gap. When an
electric field is applied to a sample, electrons and holes are
accelerated by the field. The electro-optic energy, \V, is de-
fined as8
~\V!35~\Fe !2/2m , ~1!
where F is the electric field and m is the reduced interband
electron and heavy hole pair effective mass in the direction
of the electric field. The line shape of the PR spectrum in the
low field limit u\Vu3/G3,1/3, where G is the broadening
parameter, can be fitted to9,10
DR/R5Re@Aeiu~E2Eg1iG!2m# , ~2!
where A is the amplitude, u the phase angle, E the incident
photon energy, Eg the interband transition energy, and m a
parameter depending on the type of the critical point ~for
three-dimensional critical point m55/2!. If an electric field
exists and is not within the low field limit, the analysis of the
PR spectrum is based on the so-called high field limit of
electro reflectance. Under this limit, the PR spectra near the
fundamental absorption edge exhibit FKOs above the band
gap energy. The extrema in the FKOs are given by11
np5f1 43@~En2Eg!/\V#3/2, ~3!
where n , f, En , and Eg are the index of the nth extrema, an
arbitrary phase factor, the photon energy of the nth oscilla-
tion, and the energy band gap, respectively.
Figure 1 shows the PR spectra for all the samples at
room temperature. Spectra of air-, Al2O3-, Ga2Ox – GaAs
samples exhibit FKOs features ~labeled A – D in the figure!
with different periods above the energy gap of GaAs ~1.42
eV! for each spectrum. The results indicate that electric fields
of different strengths exist at the interfacial regions of the
samples and the electric fields are not in the low field limit.
TABLE I. Sample structure, oxide film thickness, values of the interfacial
field F , and densities of interfacial states D it .
Dielectric film Thickness ~Å! Fin ~kV/cm! D it ~1011 cm22 eV22!
Air 48 2.4
Al2O3 700 44 2.2
Ga2Ox 600 38 1.9
Ga2O3~Gd2O3! 400 ,21a ,1.0
aEstimated from the low field limit criterion, u\Vu3/G3,1/3.loaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP liHowever, no FKO features appear in the spectrum of
Ga2O3~Gd2O3!–GaAs, inferring that the electric field in this
sample is too low to generate any FKOs and the only feature
in the spectrum corresponds to the fundamental band-to-band
transition. The broadening parameter, G, obtained by fitting
its spectrum to Eq. ~2!, is approximately 13 meV. The elec-
tric field F corresponds to the low field limit criterion,
u\Vu3/G3,1/3, which at this broadening parameter is less
than 2.13104 V/cm.
In Fig. 2, the quantity (4/3p)(En2Eg)3/2 is plotted as a
function of the index n . The solid lines represent linear fits to
Eq. ~3!. The slope of the solid line yields the electro-optic
energy \V which in turn gives the built-in electric field F .
The effective masses of the electron and heavy hole used
here are 0.065 m0 and 0.34 m0 , respectively, in GaAs,
where m0 is the free electron mass. The calculated value of
F are also included in Table I.
The mechanism of the built-in electric field can be inter-
preted by a simple model of parallel plate capacitor. The
band bending region, which supplies the PR signal is sand-
wiched between the negative charges in the interface states
FIG. 1. The PR spectra for samples air, Al2O3-, Ga2Ox-, and
Ga2O3~Gd2O3!–GaAs at room temperature.
FIG. 2. Quantity (4/3p)(En2Eg)3/2, as a function of index n of the FKO
extrema.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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Down~surface states for air-GaAs structure! and the positive
charges in the thin depletion layer in the n-type GaAs. The
electric field of the capacitor is given by
F5s i /ee05eD it /ee0 , ~4!
where s i , e, e0 , e , and D it represent the surface charge
density, relative dielectric constant, free space permittivity,
free electron charge, and density of occupied interfacial
states, respectively. Once the electric field is obtained from
the FKOs, the interfacial charge density s i and thus the oc-
cupied interfacial state density D it can be calculated from Eq.
~4!. The results are included in Table I.
The interfacial state density of Ga2O3~Gd2O3!–GaAs,
measured previously4,5 using the C – V quasistatic/high fre-
quency method, is in the range from 231010 to 5
31012 cm22 eV21 at various band gap energies. It is compa-
rable with the value less than 1.031011 cm22 eV21 averaged
over the band gap energies estimated by the low field limit
criterion in photoreflectance spectroscopy. For air-, Al2O3-,
and Ga2Ox – GaAs samples, the densities of interfacial states
were estimated to be 2.4, 2.2, and 1.931011 cm22 eV21, re-
spectively. The interfacial state density of Al2O3–GaAs,
measured previously by capacitance–voltage and PL, was
around 1012 cm22 eV21, which is higher than the results ob-
tained in this paper using the PR technique.
In conclusion, the contactless and nondestructive tech-
nique of photoreflectance has been used to characterize the
electronic interfacial properties of a series of oxide–GaAs
structures fabricated using in situ molecular beam epitaxy.
The built-in electric field and the density of interfacial states
of Ga2O3~Gd2O3!–GaAs heterostructures are very small, inloaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP licontrast to those observed in air-~bare!, Al2O3-, and
Ga2Ox – GaAs samples. The densities of interfacial states
(D it) estimated by PR technique on the
Ga2O3~Gd2O3!–GaAs are consistent with the data on the
same sample obtained previously using the C – V measure-
ments. However, the D its measured by the PR technique on
the other samples seem to give lower values than those ob-
tained from the C – V measurements.
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